Structural disorder results in multiple scattering in real photonic crystals, which have been widely used for applications and studied for fundamental interests. The interaction of light with such complex photonic media is expected to show interplay between disorder and order. For a completely disordered medium, the intensity statistics is well-known to obey Rayleigh statistics with a negative exponential distribution function, corresponding to absence of correlations. Intensity statistics is unexplored however for complex media with both order and disorder. We study experimentally the intensity statistics of light reflected from photonic crystals with various degree of disorder. We observe deviations from the Rayleigh distribution and the deviations increase with increasing long-range order.
I. INTRODUCTION
Mesoscopic transport of waves through disordered scattering media has been widely studied for interesting fundamental phenomena 1-8 and exciting applications [9] [10] [11] [12] [13] . In a disordered medium, multiple scattering of waves scrambles the amplitudes and phases of the waves. Random interference occurs between the multiply scattered coherent waves and results in the well-known speckles, which are observed as rapid fluctuations of high and low intensities 14, 15 . Another interference effect of multiply scattered waves in disordered media is mesoscopic correlation 16, 17 . It is well-known in quantum transport theory for electronsalso applicable to classical waves such as light and sound -that mesoscopic correlations originate from the crossing of wave trajectories inside the medium 18 . To study mesoscopic correlations, one of the main statistical tools that have been widely used is intensity histogram that is compared with Rayleigh distribution: a negative exponential function [19] [20] [21] [22] [23] [24] [25] [26] [27] . The Rayleigh distribution is expected for a field that is a sum of waves with statistically independent and uniformly distributed amplitudes and phases 14, 15 . The intensity transmitted through a large ensemble of disordered scatterers is known to follow the Rayleigh distribution to good approximation 19 . An interesting scenario is when the intensity distribution deviates from the Rayleigh distribution. Such a deviation in a completely disordered system can be an indicator of mesoscopic correlations, while in a partially ordered system it is a sign of the interplay between order and disorder 28 . To quantify deviations from the Rayleigh distribution, speckle contrast (SC) is a useful parameter. It is defined as SC ≡ σ/ I , where σ and I are the standard deviation and mean, respectively, of the intensity. When the intensity histogram follows the Rayleigh distribution, we find SC = 1 15 . Two scenarios are known to lead to SC > 1: (i) when the phases and amplitudes are not uniformly distributed, for example, in the case of partially developed speckle due to weak scattering with significant contribution of ballistic light 29 , and (ii) when the field is a random phasor sum of waves with crossing trajectories, which leads to mesoscopic correlation 16, 17 . These two scenarios of non-Rayleigh statistics could be juxtaposed if the scattering properties of the sample is known a priori.
Non-Rayleigh distributions have been observed experimentally for several systems: Collections of a small number of scatterers 30 , a rough surface 31, 32 , the Anderson localization regime 21 , anisotropic scattering in disordered mats of semiconductor nanowires 23 , isotropic scattering in a large disordered ensemble of nanoparticles 24 , and tailored incident waves 27 . In all these observations, disordered scattering media were studied. An interesting but unexplored area is the intensity statistics of samples with both disorder and order such as a real photonic crystal. In a perfect crystal, all intensities due to Bloch waves are completely correlated as they are given by the crystal structure factors 33, 34 . In addition to Bloch waves, there is a contribution of uncorrelated scattered waves due to disorder in a real photonic crystal. A fundamental question addressed here is if the correlation is completely destroyed due to the influence of disorder in photonic crystals.
In this paper, we present the first experimental observation of non-Rayleigh distribution of reflected intensities from photonic crystals with inevitable fabricationinduced disorder. The samples investigated here are selfassembled artificial 3D opals of silica spheres and 2D Si lithographically-etched photonic crystals. We observe significant deviations from the Rayleigh distribution for light reflected from photonic crystals, depending on the amount of disorder. This deviation is rather surprising since these photonic crystals are considered to be strongly scattering with a transport mean free path of the order of 10 µm 35, 36 . We attribute the non-Rayleigh distribution to an interplay of the underlying structural correlation with disorder. Our results could also be applied to media with intentional correlated disorder such as hyperuniform structures 37, 38 .
II. EXPERIMENTAL SETUP AND SAMPLES

FIG. 1. Experimental setup:
A laser beam is focused onto the surface of a sample using a microscope objective (MO). The sample is mounted on a three-axis piezoelectric translational stage. With a combination of the microscope objective and lens L, the reflected light exiting the front surface of the sample is imaged onto the chip of a charged-coupled device (CCD) camera. A polarizer (P2) and a quarter wave-plate (λ/4) filter the direct reflection from the sample surface. M -dielectric mirror, BS -beam splitter. The scanning electron microscope image of the (b) fcc (111) top surface of a 3D opal photonic crystal and (c) top view of 2D silicon photonic crystal.
A schematic of the experimental setup is shown in Fig.  1(a) . The light source is a continuous wave laser, which emits at a wavelength λ = 561 nm. The laser beam passes through a polarizer (P1) and a quarter-wave plate (λ/4) to give a circularly polarizer light. The laser beam is then focused by a microscope objective (MO) (Nikon: Infinity corrected, 100×, NA = 0.9) with a focus diameter of about 300 nm. A combination of the microscope objective and lens L (focal length f = 100 mm) images the surface of the sample onto the chip of a CCD camera (Dolphin F-145B). The reflected light was detected in a cross-circular configuration to suppress surface reflections, which was confirmed by a null light reflected from a silicon wafer (a reference mirror). In this configuration, a large fraction of the detected light from the sample has been multiply scattered 39, 40 . In the experiments, we studied light propagation in synthetic opal photonic crystals, which are made of silica colloidal spheres (radius R = 349 nm) grown on a silicon wafer 41, 42 (see SEM image in Fig. 1(b) ). The crystal domains observed as cracks in the SEM image appear during the growth. The grain boundaries are a form of disorder that results in multiple scattering. Other forms of disorder include particle polydispersity and position variation 35 . The incident light illuminates the opal with a cone of angles that has its center perpendicular to the fcc (111) plane. We also performed measurements on a two-dimensional (2D) silicon crystal with centered rectangular lattice as shown in the SEM in Fig. 1 (c) . The 2D crystal was fabricated by etching pores (radius of R = 153 nm) using reactive ion etching in a silicon wafer 43, 44 . The large single crystal is defined by deep UV step scan lithography 44 . The measurements on 2D crystals are done in the perpendicular out of plane direction with zero in-plane wavevector where the crystal has a stop gap at the Γ point. In both crystals, the photon energy of the illumination light has a higher energy than the stop gap and couples to high frequency propagating bands. The transport mean free path of opals have been measured from enhanced backscattering and determined to be of the order of 10 µm 35, 36 . As a reference sample, we used an ensemble of disordered zinc oxide (ZnO) nanoparticles with an average particle size of 200 nm. The ZnO disordered sample has a transport mean free path of = 0.6 µm and a thickness of L = 10 µm (L/ ≈ 17 ), therefore the sample is strongly scattering.
III. HISTOGRAM OF REFLECTED INTENSITY
FIG. 2. CCD camera images of the reflected light from (a)
opal with a large crystal grain, (b) a disordered ZnO sample, (c) and (d) opal with a small crystal grain, separated by a distance of 100 nm.
In Fig. 2(a) , we show the reflected intensity from a part of the opal with a large crystal domain. The reflected intensity from this part of the crystal has distinct hexagonal peaks. These hexagonal peaks are attributed to the (111) periodic arrangement of the silica spheres in this part of the crystal and to a large contribution of Bloch waves. In contrast to the reflected intensity from a completely disordered ZnO sample shown in Fig. 2(b) , there is no distinct structure due to the effect of random wave interference which results in a speckle pattern. Figs. 2(c) and (d) show the images recorded at two different positions on the opal with small crystal grains. The reflected intensities from the two positions, separated by a distance of ∆x = 100 nm, both have some bright spots, which do not show any hexagonal peaks (see Fig. 2(a) ). In this part of the crystal, there is more scattering from the grain boundaries and therefore, the reflected intensity from this part of the crystal is speckle-like. We analyze the reflected intensity images using histograms, which are plotted in Fig. 3 for the different samples and are compared with Rayleigh distribution. The histograms were obtained from the occurrence of intensities within the full-width at half maximum of the beam. The occurrence was then normalized to the total occurrence in a single image.
For the ZnO disordered sample, there is a good agreement between the intensity histogram and the Rayleigh distribution, as expected for a disordered sample. Interestingly, for the large-domain opal crystal, there is a huge deviation of the Rayleigh distribution from the reflected intensity. Similarly, we show in Fig. 3(b) the probability distribution of intensity reflected from the 2D photonic crystal, which also has a large crystal domain. For the 2D crystal, there is a strongly non-Rayleigh distribution of intensity as well. These strong non-Rayleigh distributions imply that the reflected fields are strongly correlated, which is the result of a large contribution of Bloch waves. In these large-domain crystals, scattered waves due to disorder have minimal contribution, since the disorder (especially the grain boundaries) hardly affect light propagation.
For the opal photonic crystal with small crystal grains, there is a slight deviation of a negative exponential function from the histogram. The deviation from the Rayleigh distribution implies that the reflected intensities are correlated, which is due to the contribution of the Bloch waves. At low intensities, there is however an agreement of the Rayleigh distribution with the measured intensity. We attribute the low intensities to be from the fields that propagate deep inside the sample and have been scattered by disorder. Therefore, there is a noticeable contribution of the uncorrelated scattered waves due to disorder along side with correlated Bloch waves in the opal with small crystal grains. We scanned the sample with a step size of 100 nm and measured the intensity reflected at each position. We computed the speckle contrast (SC) and in Fig. 4 , we plot the SC versus translation along x axis. For the disordered sample, the SC fluctuates around 1, which is expected for a completely disordered sample. The SC for the photonic crystals however deviates interestingly from 1: the opal with small grain boundaries has a mean SC = 1.3, while the SC for the large-grain crystal shows a gradient. This spatial gradient in SC is attributed to the fact that there is a spatial gradient in the disorder strength along the substrate 41 . The mean SC for the 2D Si crystal is about 2.2 and is comparable to the large-gain opal. These comparable SC for these two crystals imply that the amount of disorder in the crystals are comparable. In general, we observe that the SC > 1 for all crystals and SC increases with increasing order. The reason for the increasing SC is due to less amount of scattered waves from disorder and an increase in the contribution of Bloch waves. We note interestingly that mesoscopic effects get stronger with stronger disorder, however the effect observed here gets stronger with weaker disorder.
IV. CONCLUSION
We have employed intensity statistics to study wave transport in synthetic opal photonic crystal and 2D silicon photonic crystal. We find that there is a deviation from the Rayleigh distribution, which we quantified using the speckle contrast. The result depends on the degree of disorder. The observed deviations from Rayleigh statistics show that the underlying order plays a significant role in light transport through photonic crystal with disorder. 
